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Introduction

Abstract

Objective: Although benzodiazepines and other GABA, receptors allosteric
modulators are used to treat neonatal seizures, their efficacy may derive from
actions on subcortical structures. Side effects of benzodiazepines in nonseizing
human neonates include myoclonus, seizures, and abnormal movements. Exci-
tatory actions of GABA may underlie both side effects and reduced anticonvul-
sant activity of benzodiazepines. Neocortical organotypic slice cultures were
used to study: (1) spontaneous cortical epileptiform activity during early
development; (2) developmental changes in [Cl ]; and (3) whether diazepam’s
anticonvulsant effect correlated with neuronal [Cl ];. Methods: Epileptiform
activity in neocortical organotypic slice cultures was measured by field potential
recordings. Cl~ changes during development were assessed by multiphoton
imaging of neurons transgenically expressing a Cl-sensitive fluorophore. Clini-
cally relevant concentrations of diazepam were used to test the anticonvulsant
effectiveness at ages corresponding to premature neonates through early
infancy. Results: (1) Neocortical organotypic slices at days in vitro 5 (DIV5)
exhibited spontaneous epileptiform activity. (2) Epileptiform event duration
decreased with age. (3) There was a progressive decrease in [Cl ]; over the
same age range. (4) Diazepam was ineffective in decreasing epileptiform activity
at DIV5-6, but progressively more effective at older ages through DIV15. (5) At
DIV5-6, diazepam worsened epileptiform activity in 50% of the slices. Interpre-
tation: The neocortical organotypic slice is a useful model to study spontaneous
epileptiform activity. Decreasing [Cl ]; during development correlates with
decreasing duration of spontaneous epileptiform activity and increasing anti-
convulsant efficacy of diazepam. We provide a potential explanation for the
reports of seizures and myoclonus induction by benzodiazepines in newborn
human neonates and the limited electrographic efficacy of benzodiazepines for
the treatment of neonatal seizures.

RMP).>* Early during neonatal development, neuronal
[CI]; is elevated, leading to GABA-gated Cl™ efflux and

GABA binding to GABA, receptors (GABAAR) allows the
flux of CI™ and to a lesser extent bicarbonate based on
their concentration gradients. The intracellular chloride
concentration ([Cl"];) mainly determines the reversal
potential of GABA (Egaga) as Cl™ has five times the per-
meability of bicarbonate.! The relation between Ecgaga
and the resting membrane potential (RMP) of a neuron
determines if GABA actions are excitatory (Egapa signifi-
cantly above RMP) or inhibitory (Egapa near or below
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GABA-mediated excitation. During maturation, the neu-
ronal [Cl™]; progressively decreases making GABA actions
inhibitory.”®

The neocortex shows the most delayed development in
neuronal [Cl ]; compared to other brain r<=,gi0rls.6’10’11
This gradual development of a lower [Cl ]; was initially
thought to result mainly due to a differential expression
of CI™ co-transporters (CCC).'" ™ However, recent evi-
dence indicates that negatively charged extracellular and
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intracellular macromolecules'™'® displace ClI~ and thus
determine the [Cl ];, in which case, developmental and
activity-dependent increases in these macromolecules'”'®
would drive the reduction in [Cl ].'"%° CCCs serve to
maintain this distribution in the face of synaptic Cl™
flux.'”** The many studies of developmental changes in
GABA signaling have raised questions regarding the cur-
rent practice of using GABAergic anticonvulsants to treat
neonatal seizures.”

Human neonatal seizures are difficult to treat. Pheno-
barbital and phenytoin, the most common first line
agents, have poor effectiveness in this age group.”**° In
mice, phenobarbital’s poor effectiveness in the neocortex
is correlated with the developmentally high [Cl ]; while
thalamic neurons, which have a low [Cl]; during early
development, respond well to this drug.® Benzodiazepines
are more selective GABAAR positive allosteric modulators
frequently used to treat refractory human neonatal sei-
zures.>**”*® However, they also show decreased effective-
ness in this age group.”*”' Interestingly, in
premature and full term human neonates, benzodi-
azepines can actually induce seizures, myoclonus, and

some

abnormal movements.”> >® These data suggest that neu-
ronal [Cl ]; may alter the anticonvulsant effectiveness of
benzodiazepines in neonates.

Hippocampal organotypic slices develop spontaneous
seizures after a short silent period.”” ** They can be used
to study anticonvulsive medications without applying
convulsant conditions such as altered Mg** *"** and K"
concentration,*** blocking K* channels with 4-aminopy-
ridine,*>*® or activating kainate receptors.” However,
the neocortex is compromised much more commonly
than the hippocampus in the neonatal period.*® We
therefore investigated whether isolated neocortical organ-
otypic slice cultures, devoid of modulatory subcortical
connections, could also comprise a useful model to study
neonatal seizures and epileptogenesis. However, it
remains unknown whether spontaneous epileptiform
activity develops in this preparation as it does in the
hippocampal slice cultures.

Therefore, we studied: (1) if the disconnected neocorti-
cal organotypic slice cultures develop spontaneous epilep-
tiform activity; (2) if neuronal [Cl ]; changes with age as
seen in acute brain slices and finally, (3) if benzodiazepine
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effects on epileptiform activity are correlated with the
neuronal [Cl]; in this preparation.

Methods

Organotypic slice culture

All animal protocols were approved by the Massachusetts
General Hospital Center for Comparative Medicine.
Neocortical slices were prepared at postnatal day 6—7 from
C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME)
and from Clomeleon mice. Clomeleon mice express a
genetically encoded Cl~ ratiometric fluorophore.*’ Slice
cultures were prepared as described for hippocampal
organotypic cultures.””** Briefly, coronal 400-um-thick
neocortical slices (frontal region, prehippocampus) were
cut using a Mcllwain tissue chopper (Mickle Laboratory
Eng. Co., Surrey, U. K; Fig. 1A). Slices were mounted in
clots of chicken plasma (Cocalico Biologicals, Reams-
town, PA) and thrombin on poly-i-lysine-coated glass
coverslips (Sigma-Aldrich, St. Louis, MO). Slices were
incubated in roller tubes (Nunc, Roskilde, Denmark) at
36°C with 750 uL of Neurobasal A/B27 medium supple-
mented with 0.5 mM GlutaMAX, 30 ug/mL gentamicin
(Life Technologies, Grand Island, NY) and 20 mM NacCl
to reach a final media osmolarity of 280 £+ 5 mOsm
(mean £+ SD, n = 7). The culture media were changed
biweekly.

Electrophysiology recordings

Organotypic neocortical slices were placed in a conven-
tional submerged chamber and continuously perfused with
oxygenated artificial cerebrospinal fluid (aCSF) (95% O,—
5% CO,) at 32—-34°C with a flow rate of 5-8 mL/min. aCSF
contained the following compounds (mM): NaCl (120),
KCl (3.3), CaCl, (1.3), MgCl, (1.3), NaH,PO, (1.25),
NaHCOj; (25), and p-glucose (11) with pH 7.3-7.4 when
bubbled with 95% O, and 5% CO,. Extracellular field
potential recordings in neocortical layer II/III were per-
formed using tungsten microelectrodes and a low-noise
multichannel amplifier (Dagan EX 4-400) with a 1000 gain
and digitized at 2 kHz using an analog to digital converter
DigiData 1321A (Molecular Devices, Sunnyvale, CA.).

Figure 1. Decrease in [ClI™]; during early development in neocortical organotypic slices. (A) Micrographs of neocortical organotypic slices kept at
DIVS (left), DIV9 (middle) and DIV15 (right). Scale bar 1 mm. 2x magnification, bright-field image. (B) Two-photon images of Clomeleon in
neocortical organotypic slices at DIV6 (left), DIV9 (middle) and DIV15 (right). Overlay of multiple z-planes. Top panels, YFP; lower panels, neuronal
ClI™ pseudocolored based on YFP/CFP ratio. (C) Probability density distribution of neuronal [Cl7]; at the different ages. (D) Percentage distribution
of neurons with different binned [CI7];. Same colors as in (B). (E) [CI™]; median + SD at different ages (P < 0.001, One-way ANOVA on Ranks.
*P < 0.005, Dunn’s method). (F) [CI7]; as a function of depth for all neurons. DIV6: slope = —0.07 mM/um, R = —0.13, P = 0.006; DIV9-10:
slope = —0.02 mM/um, R = —0.10, P = 0.003; DIV15-16: slope = —0.06 mM/um, R = —0.22, P < 0.001. DIV, days in vitro; ANOVA, analysis of

variance.
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Electrophysiological analysis

FFT area

Analysis was performed using a custom-written macro
running under IGOR Pro v6.35 (Lake Oswego, OR) as
previously described.® Briefly, the complete trace was
loaded. For each 30 sec epoch, its mean value was sub-
tracted and Fast Fourier Transformed (FFT) using a Han-
ning window apodization. Next, the FFT was smoothed
with a median window of seven points, divided by the
total number of points, and the signal area (1-500 Hz)
was calculated (FFT power). The wide-band power is
equal to the square of the field potential, and thus repre-
sents an unbiased measure to quantify seizure activity.
Finally, the mean FFT power during equal control and
drug condition epochs was calculated.

Epileptiform characteristics

The duration and interevent interval of the epileptiform
discharges were measured with DClamp v3.5, a custom
and freely available data acquisition and analysis software
(https://sites.google.com/site/dclampsoftware/home).  All
events were visually inspected. The epileptiform activity
burden was calculated by dividing the total duration of
epileptiform activity by the total time during the same
time window used to calculate the FFT power.

Cl~ imaging and analysis

Two-photon fluorescence imaging of neurons expressing
Clomeleon was obtained using a Fluoview 1000MPE with
prechirp optics and a fast acousto-optical modulator
mounted on a Olympus BX6IWI upright microscope
(Olympus Corporation, Tokyo, Japan) using a 20x water
immersion objective (NA 0.95). A mode-locked Ti:Sapphire
laser (MaiTai, Spectra Physics, Fermont, CA) generated
two-photon fluorescence with 860 nm excitation. Emitted
light passed through a dichroic mirror (460 nm cutoff) and
was band-pass filtered through 480 £ 15 nm filter (D480/
30) for cyan fluorescent protein (CFP) and 535 £+ 20 nm
filter (D535/40) for yellow fluorescent protein (YFP). Two
photomultiplier tubes (Hamamatsu Photonics, Hamamatsu
City, Japan ) were used to simultaneously acquire CFP and
YFP signals. Three-dimensional stacks (3D) of raster scans
in the XY plane were imaged at z-axis intervals of 1-2 yum.
Clomeleon-expressing neurons were imaged in the neocor-
tex in slices perfused with aCSF + 1 uM tetrodotoxin
(TTX; selective inhibitor of Na' channels) to prevent spon-
taneous epileptiform activity, held at 32-34°C and aerated
with 95% 0O,-5% CO,. Image] 1.47 software (NIH,
Bethesda, MD) was used for quantitative analysis.
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[CI"]; determination

Neuronal [Cl™]; measurement was performed as described
before.>'” Briefly, the CFP and YFP respective back-
ground values were subtracted from each XY plane. Next,
a median filter was applied to all of the XY images. A
region of interest (ROI) was drawn around the neurons
bodies and the mean ratio of the YFP/CFP fluorescence
intensity was calculated for each pixel in the ROIL Each
cell’s YFP/CFP mean ratio was converted into Cl~ value
by the following equation:

a1 ) =k e B

(R - Rmin)
K'p is the apparent dissociation constant, R, is the ratio
when no Clomeleon is bound by Cl, and R, is the
ratio when Clomeleon is completely quenched.*” The
median [Cl™]; was used as the distribution of [Cl ]; in
neurons is skewed to lower values. Occasional neurons
whose ratio was outside the calibration curve were
excluded.

Statistical analysis

[Cl"]; was expressed as a median £+ SD as [Cl ]; follows
a non-Gaussian distribution. One-way analysis of variance
(ANOVA) on ranks with post hoc Dunn’s method was
used for multiple comparisons of nonparametric data.
One-way ANOVA with post hoc Holm-Sidak test was
used for multiple comparisons of parametric data. The
Wilcoxon Signed Rank Test was used for nonparametric
paired data. Paired t-tests were used for parametric paired
comparisons. Chi-square was used when comparing pro-
portions. Statistical significance was set to P < 0.05. Igor
Pro and SigmaPlot v11 (Systat Software, Inc, San Jose,
CA) were used for data analysis.

Reagents

TTX was obtained from Tocris. Diazepam (Sigma-
Aldrich) was dissolved in 100% ethanol (final concentra-
tion of ethanol in solution 0.000005%). Equal volume of
ethanol, as used in the diazepam solution, was added to
the control solution.

Results
Neocortical [CI]; decreases during early
development

[CI"]; decreases during early development in different
brain areas.'® Neocortical acute slices show a progressive
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decrease in [Cl]; during early development6 which
correlates with more negative Egapa values.>**! In acute
hippocampal slices, the most superficial areas show high
neuronal [Cl]; values due to slicing trauma.”® To remove
acute trauma as a variable, we studied [Cl™|; in neocorti-
cal organotypic slice cultures (frontal region, pre-hip-
pocampus) from Clomeleon mice prepared at P6-7.
Clomeleon is a genetically encoded ratiometric fluo-
rophore sensitive to [Cl7];.* We measured [Cl]; using
multiphoton microscopy starting 6 days after slice prepa-
ration (DIV6, days in vitro), at DIV9-10 and at DIV15-
16. Hundreds of neurons can be imaged with fluorescence

A

| 500 pv

2.5 min

Diazepam and ClI~ Development

microscopy simultaneously as compared to other [Cl ]
measuring techniques. Layer IV/V neurons were imaged
(from surface to the depth of the slice) in regular
aCSF + 1 uM TTX (selective inhibitor of Na* channels)
to avoid spontaneous epileptiform activity that can cause
Cl™ accumulation.” [Cl7]; decreased during early devel-
opment in layer IV/V neocortical neurons from organ-
otypic slices on a time scale that was similar to acute
neocortical slices.® At DIV6, [Cl™]; was 26.6 + 13.8 mM
(median 4 SD, n = 482 neurons, six slices, two animals,
range 4-90 mM) and showed a wide distribution (Fig. 1B
and C). In comparison, [Cl ]; dropped to 9.7 + 6.3 mM
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Figure 2. Stability of epileptiform activity in neocortical organotypic slices. (A) Upper panel: Extracellular recording showing stable epileptiform
activity recorded in regular aCSF from layer II/lll of a DIV7 organotypic neocortical slice. Lower panel, left: B magnified events from dashed box in
upper panel. Right: B B magnified event from dashed box in left panel. (B) FFT power calculated every 30 sec from the trace in (A). (C)
Normalized FFT power to the first initial 10 min in each recording (DIV5-7, n = 6). DIV, days in vitro; FFT, Fast Fourier Transform.
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at DIV9-10 (n = 984 neurons, 10 slices, two animals,
range 0-79; Fig. 1B and C) with no significant further
change by DIV 15-16 (10.3 £ 6.2 mM; n = 597 neurons,
11 slices, two animals, range 0-36; Fig. 1B and C). At
DIV6, 75% of neurons had [Cl™]; above 20 mM com-
pared to 7% at DIV9-10 or DIV15-16 (Fig. 1D). The
[CI]; was significantly different between the different
ages (One-way ANOVA on Ranks, P < 0.001) and specifi-
cally between DIV6 and both DIV9-10 and DIV15-16
(Dunn’s method, P < 0.005; Fig. 1E).

Acute hippocampal slices demonstrated that the [Cl ™ ];
depends on the depth of the neuron imaged, where the
most superficial neurons have higher [Cl |; than deeper
ones.”® In contrast, the neocortical organotypic slice
[CI"]; showed a small linear relationship with depth at
all ages tested (range: —0.02 to —0.07 mM/um; Fig. 1F).
The current results confirm the developmental decrease
in [Cl"]; during early development initially observed in
acute neocortical slices,® and which is independent
from slice trauma. Next, we tested whether the neocorti-
cal organotypic slices have spontaneous epileptiform
activity.

Neocortical organotypic slices show
spontaneous epileptiform activity

Hippocampal organotypic slices show spontaneous inter-
ictal activity, as well as ictal activity starting at
DIV7.>?%* The minimal duration of an epileptiform
activity to be classified as a seizure, in an in vitro model
ranges from 0.8 to 10 sec.”*>® Therefore, we decided to
call all abnormally synchronous activity “epileptiform” to
encompass interictal and ictal events, and events >10 sec
were defined as ictal. Epileptiform activity was quantified
by the FFT power every 30 sec as previously described"
(see Methods, Fig. 2B). The wide-band power is propor-
tionately affected by the frequency of discharge, its
synchrony, the duration of the discharge, and the fraction
of the neuronal population participating in the discharge.
This method allowed us to have an integral of the fre-
quency, duration, and amplitude of the events during the
whole recording.

Field potential recordings were obtained from layer II/
II of the neocortical organotypic slices derived from
C57Bl6 mice which showed spontaneous epileptiform
activity in regular aCSF starting at DIV5 (Fig. 2A and B).
In these set of experiments, 100% of DIV5 neocortical
organotypic slices showed epileptiform activity that was
stable over time (Fig. 2C). Therefore, this preparation was
suitable to study spontaneous epileptiform activity during
early development, its relation with [Cl ]; and its
response to a clinically relevant diazepam dose.

J. Glykys & K. J. Staley

Epileptiform activity changes during early
development

Spontaneous epileptiform activity in neocortical organ-
otypic slices (layer II/III; frontal region, pre-hippocam-
pus) was recorded at three different developmental ages
in regular aCSF: DIV5-6, DIV9-10 and DIVI15. All ages
showed epileptiform activity.

Epileptiform event duration decreased as the slices
matured (one-way ANOVA on Ranks, P <0.001;
specifically between DIV5-6 and DIV15-16 and between
DIV9-10 and DIV15-16, Dunn’s Method, P < 0.05;
Table 1). The percentage of ictal events (events lasting
more than 10 sec) was also different between ages (;(2,
P < 0.001; Table 1). The interevent interval of the epilep-
tiform events decreased as the slices matured (one-way
ANOVA on Ranks, P < 0.001; difference between all ages,
Dunn’s method, P < 0.05; Table 1). The epileptiform
activity burden (the proportion of time a slice is having
epileptiform activity) is another measurement parameter
that combines the event duration and the interevent
interval. This burden was increased during in vitro devel-
opment (one-way ANOVA, P < 0.001, Holm-Sidak post
hoc test showed differences between all the different ages,
P < 0.05; Table 1).

These data indicate that as slices mature and [Cl™];
decreases, the duration of epileptiform events decreases,
the frequency of the events increases and the proportion
of time generating epileptiform activity increases from 5%
to 22%. We next wanted to determine if a clinically
meaningful diazepam dose would have a larger effect at
older developmental ages at which more neurons have a
[CI']; in the range that renders GABA,R activation
strictly inhibitory.

Diazepam effect is dependent on [CI];

Diazepam is a GABALR positive allosteric modulator that
increases the channel current by increasing the frequency
of channel openings.”” > We reasoned that if [Cl7]; is
higher during early development, a clinically relevant con-
centration of diazepam should be ineffective or even
potentiate the epileptiform activity. The high [Cl]; in
many neurons would favor a depolarizing efflux of Cl™
based on the relation of E; and the RMP. In contrast, at
older developmental ages, when [Cl ]; is lower in the
majority of neurons, diazepam should exert a net
enhancement of inhibition in the network. Drug plasma
concentrations of 0.15 mg/L [range: 0.07-0.23 mg/L] can
be found in human neonates after receiving diazepam at
anticonvulsant doses (0.1-0.3 mg/kg with a volume of
distribution of 1.3 L/kg).**®" We used a clinical relevant
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Figure 3. Diazepam is ineffective in decreasing epileptiform activity at DIV5-6 in neocortical organotypic slices. (A) Extracellular recording of
epileptiform activity recorded in regular aCSF from layer II/lll of a DIV5 organotypic neocortical slice. Diazepam perfusion indicated with black line.
Lower panels are higher magnifications of characteristic events in control condition (1) and during diazepam perfusion (2). (B) FFT power
calculated every 30 sec from the trace in (A), showing a 7% increase in FFT during diazepam perfusion in this slice. (C) FFT power calculated
every 500 msec for the events numbered 1 and 2 in (A). (D) FFT power showing no significant difference between paired control (CONT),
diazepam (DZP) and washout (WASH) conditions. (E) Event duration between the three conditions. (F) Interevent interval between the three
conditions. (G) Epileptiform burden between the three conditions. Note that in all the forms of measurement there is dichotomy. Dark circles are

mean =+ SEM; n = 6. DIV, days in vitro; FFT, Fast Fourier Transform.

dose of 0.5 pM of diazepam, corresponding to 0.14 mg/L,
to test our hypothesis.

First, epileptiform activity was measured by obtaining
the FFT power every 30 sec from the neocortical organ-
otypic slice layer II/III recorded in regular aCSF. Matched
time windows were used to compare the diazepam effect

to control conditions. Diazepam (0.5 uM) produced a
nonsignificant 10% decrease in the epileptiform FFT
power at DIV5-6 (one-way repeated measures ANOVA,
P =0.365; n = 6; Figs. 3A-D, 6A; Table 2). This drug
concentration also did not change the event duration
(one-way repeated measures ANOVA, P = 0.773; Figs. 3E,
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Table 1. Epileptiform activity characteristics of neocortical organotypic slices during different in vitro ages.

Event duration (sec) Ictal events (%) Interevent interval (sec) Epileptiform activity burden N (events) N (slices)
DIV5-6 2.57 + 0.26 8.55 54.3 + 6.42 0.05 + 0.01 269 6
DIV9-10 1.70 +£ 0.08 3.01 11.4 +0.77 0.15 + 0.01 1294 7
DIV15-16 1.16 + 0.04 0.79 4.98 + 0.13 0.22 + 0.03 2406 6
P value <0.001 <0.001" <0.001 <0.001

Ictal events: events lasting >10 sec. Mean 4 SEM. One-way ANOVA P values. DIV, days in vitro; ANOVA, analysis of variance.

'Chi-square P value. See text for further details.

6B; Table 2), interevent interval (repeated measures
ANOVA on ranks, P = 0.740; Figs. 3F, 6C; Table 2) or
epileptiform activity burden (one-way repeated measures
ANOVA, P = 0.442; Figs. 3G, 6D; Table 2). Three of six
slices responded with an increase in all measures in the
presence of diazepam while 3/6 responded with a
decrease. This suggests that at this age diazepam can be
either pro or anticonvulsant.

Diazepam 0.5 uM had an anticonvulsant effect at older
ages. At DIV9-10 there was a 21% decrease in epilepti-
form FFT power (paired t-test, P = 0.041; n=7;
Figs. 4A-D, 6A). There was no significant decrease in
event duration (paired t-test, P = 0.135) or in interevent
interval (Wilcoxon Signed Rank test, P = 0.297; Fig. 4E
and F; Table 2). However, and similar to the FFT power,
the epileptiform activity burden was significantly reduced
(paired t-test, P = 0.041; Fig. 4G and 6D; Table 2). This
suggests that the measurements of FFT power and epilep-
tiform activity burden are more sensitive in finding drug
effects than event duration and interevent interval alone.
In comparison to DIV5-6, only 1/7 slices increased the
event duration and 3/7 decreased the interevent interval
(Fig. 6B and C). This suggests that at this age, diazepam
exerted a net anticonvulsant effect on most neocortical
networks.

The anticonvulsant effect of 0.5 uM diazepam
was more robust at DIV15-16. There was a 41% decrease
in epileptiform FFT power at this age (paired t-test,
P =0.009; n = 6; Figs. 5A-D, 6A; Table 2). There was a
significant decrease in event duration (paired t-test,
P =0.012) but not in the interevent interval (Wilcoxon
Signed Rank test, P = 0.438; Figs. 5E and F, 6B and C;
Table 2). Similar to the FFT power, the epileptiform

activity burden decreased significantly (paired t-test,
P < 0.001; Figs. 5G, 6D; Table 2). At this age 0/6 slices
increased the event duration and 2/6 decreased the intere-
vent interval in the presence of diazepam (Fig. 6B and
C). These results suggest that diazepam is a more effective
anticonvulsant medication at this older age.

Finally, a one-way ANOVA of the effect of diazepam
(decreasing the FFT power) as a function of age was
statistically significant (one-way ANOVA, P = 0.027)
and specifically between DIV5-6 and DIV15-16 (Holm-—
Sidak method, P = 0.009; Fig. 6A). In conclusion, a
clinically relevant dose of diazepam will have a differen-
tial effect (pro or anticonvulsant) based on the baseline
[CI" ).

Discussion

We conclude the following: (1) Organotypic neocortical
slices develop spontaneous epileptiform activity by DIV5.
(2) DIV15-16 slices generate a higher proportion of inter-
ictal like activity versus ictal events. (3) Diazepam, at a
clinically relevant dose, is not an effective anticonvulsant
at early ages. (4) The more effective anticonvulsant effect
of diazepam at older ages correlates with lower [Cl ];.
We conclude that our data provide an explanation for the
limited anticonvulsant efficacy of benzodiazepines, as well
as the occasional ictogenic side effects in neonates and
particularly premature infants.

Organotypic neocortical slice cultures at DIV5 and
older develop spontaneous epileptiform activity in regular
aCSF with 1.3 mM MgCl,. To our knowledge, this is the
first report of spontaneous epileptiform activity in this
brain region with regular aCSF. This is similar to what

Figure 4. Diazepam is effective in decreasing epileptiform activity at DIV9-10 neocortical organotypic slices. (A) Extracellular recording of
epileptiform activity recorded in regular aCSF from layer I/lll of a DIV9 organotypic neocortical slice. Diazepam perfusion indicated with black line.
(B) Upper panels: Higher magnification of characteristic events from dashed boxes in (A). Control condition (1), diazepam condition (2). Lower
panels: higher magnifications of events in dashed boxes from upper panels. Control condition (M), diazepam condition (@). (C) FFT power
calculated every 30 sec from the trace in (A). (D) FFT power was statistically different between paired control (CONT) and diazepam (DZP)
conditions. (E) Event duration between paired conditions. (F) Interevent interval between paired conditions. (G) Epileptiform burden was
statistically different between paired conditions. Dark circles are mean + SEM; n = 7; paired t-test. DIV, days in vitro; FFT, Fast Fourier Transform.
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Table 2. Effect of diazepam at different ages in neocortical organotypic slices.

FFT power (uV x Hz) Event duration (sec)

Interevent interval (sec) Epileptiform burden ratio

CONT DzP CONT Dzp CONT DzpP CONT DzpP n
DIV5-6 123 £15 108+13 482+448 6.72+419 1176 £70.1 2588 £ 1856 0.05+ 0.01 0.07 +£0.04 6
DIV9-10 180+40 135+28 6.10+271 430+ 3.13 339 £ 15.1 555+ 31.0 0.15+0.01 0.10+0.02 7
DIV15-16 234 +£28 129+ 1.0 1.01+£032 048 +£0.21 4.99 + 0.93 10.4 + 4.10 022 +£0.03 0.09+003 6

Mean + SEM. See text for statistical significance. FFT, Fast Fourier Transform; CONT, control; DZP, diazepam; DIV, days in vitro.

has been described in the hippocampal model.””® Tt is
unclear why these models have spontaneous seizures yet
it seems to be related to intrinsic alterations in the cellu-
lar or network properties of organotypic slices,”®®* and
not related to ictal cell death or the prevention of ictal
and interictal activity.”” The occurrence of spontaneous
epileptiform activity can allow the study of epileptogene-
sis without relying on application of acute convulsant
conditions that might compromise the efficacy of anti-
convulsants, for example methods that alter ionic compo-
sitions®® including the Low Mg*" model,*"** high K"
model,"** blocking K' channels with 4-aminopy-
ridine,*>*® or activating kainate receptors.”” Unfortu-
nately, up to date, we have not been able to grow
organotypic slices directly from adult animals to study
seizure activity starting in the adult age, or with sufficient
thalamo-cortical connections.

The definition of seizures in vitro is a contentious
one.”* % If we take a conservative definition of events
lasting more than 10 sec,”® of the three ages tested,
DIV15-16 had less seizure-like activity compared to ear-
lier ages. At these older ages, the epileptiform activity was
short, frequent, and regular, and thus more reminiscent
of the EEG pattern termed Periodic Lateralized Epilepti-
form Discharges (PLEDs) than interictal spikes. The regu-
larity and frequency of the discharges support the
comparison to PLEDs.°*® The original description
included the speculation that PLEDs develop as a conse-
quence of disconnection from subcortical structures such
as the thalamus.** Our neocortical preparation is similarly
disconnected and thus strongly supports this idea. It
remains unknown why older slices with a low [Cl™ ]; have
persistent spontaneous epileptiform activity with a high

epileptiform activity burden. Circuit reorganization lead-
ing to hyper-synchrony may be a plausible explanation®*
while the low neuronal [Cl |; may prevent interictal
activity into progressing to a full ictal event.

[CI7]; decreases during early development.” This has
been shown in multiple brain areas including the neocor-
tex,>**17 hippocampus,>*** spinal cord,” hypothala-
mic neurons,”’ and other structures. We showed that in
neocortical organotypic slices at DIV5—6, more than 75%
of neurons have [Cl ]; above 20 mM compared to
around 7% at DIV9-10 and DIVI15. A higher [Cl ]; has
been associated with cutting trauma in brain slices,” but
as shown in Figure 1F, the high [CI]; in younger slices
extends throughout all depths of the slice and therefore
cannot be attributed to trauma. Also, neurons trauma-
tized during acute slice preparation die in the first days of
culture.’’” Our current [Cl7]; data are in agreement with
a similar decrease in [Cl™]; seen during early development
in the acute thalamo-cortical slices.® In this preparation,
the [Cl™]; in thalamic neurons was always lower than the
[CI']; of neocortical neurons yet both had slicing
trauma.® Therefore, these new data in conjunction with
the acute slice data in the neocortex® argue that while
acute trauma can lead to very high [Cl ]; in the most
superficial neurons, the majority of neurons during early
development have elevated [Cl ]; independent of trauma.
Future in vivo [Cl7]; measurements will allow us to
clarify the role of development versus trauma.

The progressive decrease in [Cl ]; over time has been
associated in the past with a change in the expression of
different CCCs.>'®'>”> However, there are brain areas
where CCC expression does not correlate with changes in
[C17]2%77° and the CCCs can transport Cl™ in either

Figure 5. Diazepam is effective in decreasing epileptiform activity at DIV15 neocortical organotypic slices. (A) Extracellular recording of
epileptiform activity recorded in regular aCSF from layer I/lll of a DIV15 organotypic neocortical slice. Diazepam perfusion indicated with black
line. (B) Upper panels: Higher magnification of characteristic events from dashed boxes in (A). Control condition (1), diazepam condition (2).
Lower panels: higher magnifications of events in dashed boxes from upper panels. Control condition (M), diazepam condition (@). (C) FFT power
calculated every 30 sec from the trace in (A). (D) FFT power was statistically different between paired control (CONT) and diazepam (DZP)
conditions. (E) Event duration was statistically different between paired conditions. (F) Interevent interval between both paired conditions. (G)
Epileptiform burden was statistically different between paired conditions. Dark circles are mean + SEM; n = 6; paired t-test. DIV, days in vitro;

FFT, Fast Fourier Transform.
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direction'®’®”® depending on the free-energy gradients
for the transported species. A more plausible explanation
(and energetically favorable) for the developmental
decrease in [Cl ™ |; is that the immobile anions inside and
outside neurons that set [Cl ]; increase during develop-
ment.'”*® The transporters are more likely involved in
compensating the movement of Cl~ during fast synaptic
transmission in order to reset Eqy and water flux.?*">"7

If CCCs do not determine [Cl ];, and CCCs help
restore equilibrium after synaptic activity, why should
neonatal seizures be treated with antagonists of these
CCCs?®”7*% The vast majority of neonatal seizures occur
in the setting of brain injury.®' In this setting, [Cl ];
increases in a CCC-dependent manner,”” which exacer-

J. Glykys & K. J. Staley

bates the high population mean [Cl ]; in immature
neural networks, and facilitates GABAergic inhibitory
failure and seizures. Furthermore, the efficacy of other
anticonvulsants may be affected when GABA signaling is
compromised. Drugs that decrease [Cl ]; by blocking
NKCC1 (e.g., bumetanide) could give us an extra level of
confidence when using benzodiazepines or phenobarbital
at this age. While a recent clinical trial with no control
group showed that bumetanide, as an add on medication,
did not improve seizure outcome in a population of
human neonates with seizures associated with hypoxic-is-
chemic encephalopathy,®® this is largely because four of
the nine neonates had no seizures during the predrug
baseline. It is of note that five of the nine neonates with
baseline seizures had more than 80% reduction of seizure
burden.®” Another study is currently ongoing studying
pharmacokinetic and safety data of bumetanide in
another population of human neonates with seizures
(NCT00830531). Its results can help determine if other
drugs that alter CI need to be studied.

We have found a lack of anticonvulsant efficacy in the
neocortex by a clinically relevant dose of diazepam at
DIV5-6. This is comparable to the effect seen by pheno-
barbital in the acute slices at P9-10 in the Low-Mg** and
4-AP models.® In fact, in 50% of the neocortical organ-
otypic slices the epileptiform activity increased with diaze-
pam. This observation could explain the paradoxical effect
of inducing seizures, myoclonus and/or abnormal move-
ments in some human neonates when benzodiazepines are
given.’® ¢ As [Cl7]; decreases during development, diaze-
pam becomes more effective (100% of slices had a
decrease in epileptiform activity at DIV15). How can it be
that during early development, diazepam can either
enhance or decrease epileptiform activity in different slices
of the same age? GABA can be excitatory or inhibitory
dependent on the relation of Egapa to the neuron’s RMP.
As we and others have demonstrated,”®'***
ronal [Cl™]; is variable, and more so at earlier ages. There-
fore, the net circuit effect of GABA and its allosteric
modulators is not only dependant on one neuron’s [Cl™ [;
but on the proportion of neurons with elevated and low
[Cl"]; and their role in synchrony. In our case, at DIV5-6
more than 75% of neurons have [Cl ]; above 20 mM
compared to around 7% at DIV9-10 and DIV15. Further-
more, a higher [Cl ]; in a small proportion of interneu-

the interneu-

rons, who are able to synchronize short and long distant
networks® " could have more proconvulsive actions
compared to higher [Cl™]; in principal cells. In addition,
the relation between high [Cl™]; neurons, GABA,R sub-
unit expression switch during development and pathology
needs to taken in consideration.*®*’

By using multiple methods for quantification of epilep-

tiform activity, we show that measurements that take into
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account two or more event characteristics, in our case
epileptiform activity burden (duty cycle) and FFT power,
are more sensitive in discriminating drug effects than a
single parameter characterization. This is reminiscing of
the Imean method to measure GABA,R currents.”’

In conclusion, diazepam is more efficacious as an anti-
convulsive medication at older developmental ages and its
anticonvulsant effect is correlated with neuronal [Cl ];.
Furthermore, our study reveals why some human neo-
nates show a paradoxical effect to benzodiazepines, and
should make us aware of this possible effect when benzo-
diazepines are given.
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